Density, viscosity and speed of sound of three binary liquid systems: N-methylformamide (N-MFA) with carboxylic acids (ethanoic acid, propanoic acid and butanoic acid) have been determined at T ¼ (303.15e318.15) K over the entire composition range. These experimental data have been used to calculate the excess volume (V E ), excess isentropic compressibility (k s E ), deviation in viscosity (Dh) and excess Gibbs free energy of activation of viscous flow (G*E). The variations of these properties with composition of binary mixtures suggest loss of dipolar association, difference in size and shape of the component molecules, dipoleedipole interactions and hydrogen bonding between unlike molecules. The viscosity data have been correlated with Grunberg and Nissan, Katti and Chaudhri, and Hind et al. equations and the results are compared with the experimental results. The excess parameters have been fitted to the RedlicheKister polynomial equation using multi parametric nonlinear regression analysis to derive the binary coefficients and to estimate the standard deviation.
Introduction
It is well known that the velocity of small amplitude ultrasonic waves in a medium is a physical property of the medium and a study of the variation of the ultrasonic velocity, under varying conditions, provides valuable information about the microscopic structure and packing of the constituent molecules in the medium. Experimental values of the viscosity of the pure liquids and their mixtures are needed for design of chemical processes where heat and mass transfer and fluid mechanics are important. The study of changes of thermodynamic properties of mixtures and their degree of deviations from ideality has been found to be an excellent qualitative and quantitative way to obtain information about molecular structure and intermolecular forces in liquid mixtures. This has given impetus to the theoretical and experimental investigation of excess thermodynamic properties of liquid mixtures [1, 2] . The accurate measurement of the energy changes due to scattering can be used to study the dynamic behavior of liquids [3] .
The present investigation is a continuation of our earlier research [4e8] on thermodynamic properties of binary liquid mixtures. The liquids are chosen in the present study on the basis of their industrial importance. N-methylformamide is used in various organic syntheses with some applications as a highly polar solvent. Carboxylic acids are important chemicals used in a variety of industrial applications such as separation processes, manufacture of pharmaceutical products, cleaning agents, food and beverages as an acidulant, the manufacture of polyester resins, pharmaceutical and chemical industries [9, 10] . The aim of the present study is to analyze the disruption of self association in ethanoic acid, propanoic acid and butanoic acid and the breaking of dipoleedipole interactions of N-methylformamide along with the interaction between the carbonyl group of N-methylformamide and the eCOOH group of ethanoic acid, propanoic acid and butanoic acid respectively. The present paper reports the excess volume (V E ), excess isentropic compressibility (k s E ), deviation in viscosity (Dh) and excess Gibbs free energy of activation of viscous flow (G *E ) for the binary mixtures of Nmethylformamide with carboxylic acid at T ¼ (303.15e318.15) K. A survey of the literature has shown that thermodynamic properties of binary containing N-methylformamide with (C 1 eC 10 ) alkanols [2] , N-methylformamide with water/methanol/ ethanol [11] and o-toluidine, tetrahydropyran were reported earlier [12] . To our best of knowledge, no study on excess volume (V E ), excess isentropic compressibility (k s E ), deviation in viscosity (Dh) and excess Gibbs free energy of activation of viscous flow (G *E ) for the binary mixtures of N-methylformamide with carboxylic acid at T ¼ (303.15e318.15) K. Changes in these parameters with composition of the mixtures are helpful in understanding the nature and extent of the molecular interactions between unlike molecules.
Experimental
All the chemicals (A.R. grade) were used in the present work supplied by S.D. Fine Chem. Ltd., India. The purities of all the chemicals as follows: N-methylformamide (Sigma Aldrich) (99.0%), Ehanoic acid (99.0%), Propanoic acid (99.0%) and Butanoic acid (99.0%). The mole fraction purities of the purified liquids as determined by gas chromatography are Nmethylformamide (0.9970), Ehanoic acid (0.9965), Propanoic acid (0.9960) and Butanoic acid (0.9970). Moreover, name of the chemical, source, CAS number, purity in mass fraction and water content of the component liquids are given in Table 1 . The purity of all these solvents are compared with the measured density, speed of sound and viscosity of the pure liquids with the literature [13e20] and these are given in Table 2 .
All the binary liquid mixtures are prepared by weighing an amount of pure liquids in an electric balance (ER-120A, Afoset, and India) with a precision of þ0.1 mg by syringing each component into air-tight stopper bottles to minimize evaporation losses. The uncertainty of the mole fraction is ±1$10 À4 . After mixing the sample, the bubble free homogenous sample is transferred into the U-tube of the densimeter through a syringe. The density measurements were performed with a Rudolph Research Analytical digital densimeter (DDH-2911 Model), equipped with a builtin solid-state thermostat and a resident program with accuracy of temperature is ±0.03 K. The uncertainty of density measurement for liquid mixtures is ±2$10 À3 g cm 3 and the uncertainty of temperature ±0.01 K, Proper calibrations at each temperature were achieved with doubly distilled, deionized water and with air as standards. The viscosities of pure liquids and their mixtures were determined at atmospheric pressure and at T ¼ (303.15e318.15) K by using an Ubbelohde viscometer, which was calibrated with benzene, carbon tetrachloride, acetonitrile, and doubly distilled water. The Ubbelohde viscometer bulb has a capacity of 15 ml and the capillary tube has a length of about 90 mm with 0.5 mm internal diameter. The 15 ) K by using a digital constant temperature water bath. The uncertainty in the measurement of speed of sound is ±0.3% and the uncertainty of temperature ±0.1 K. The working of the interferometer is tested by making measurements for pure samples of benzene, toluene, chloroform, chlorobenzene and acetone and the measured speeds of sound of these liquids is in good agreement with those reported in the literature [21] .
Results and discussion
The experimental values of density (r), viscosity (h) and speed of sound (u) of the binary liquid mixtures of N-methylformamide with carboxylic acids at temperatures T ¼ (303.15e318.15) K are given in Table 3 .
The excess volume (V E ) is calculated from the experimental density values, using the following equation:
where x 1 and x 2 are the mole fractions of N-methylformamide with 2-alkoxyethanols respectively; M 1 and M 2 and r 1 and r 2 are the molecular weights and densities of components 1 and 2 respectively and r is the density of the mixture. A vital role is played by sign and magnitude of excess values in assessing the molecular rearrangement as a result of molecular interaction between the component molecules in the liquid mixtures. An examination of curves in the Fig. 1 suggests that for all the binary systems are negative over the entire composition range at T ¼ (303.15e318.15) K and atmospheric pressure. The observed trend of variation of excess volume [22, 23] may be explained in terms of two opposing effects, (i) breaking of molecular order on mixing and the difference in molecular size between components of liquid mixture, and (ii) packing of large sized molecules leading to interstitial voids that may [24, 25] . The small negative values of excess volume in butanoic acid þ N-methylformamide mixtures indicates weak interaction [26] between components of the mixture, may be due to increase in size of the alkyl group in butanoic acid as affected by the steric factor. Increase in number of methyl group in butanoic acid restricts closer approach of N-methylformamide and therefore, butanoic acid molecules are increasingly hindered due to switching mechanism [27] resulting in negative values of V E . The magnitude of relatively stronger interaction in response to the variation of V E with N-methylformamide as common component increases in the order:
Ethanoicacid < Propanoicacid < Butanoicacid: The results shown in Fig. 1 indicate that the hydrogen bond formation decrease between unlike molecules may be due to the decrease in dissociation of the carboxylic acid molecules. Hence the above order is justified. The influence of temperature on the V E for the systems containing carboxylic acid molecules slightly more negative with increasing temperature.
From the experimental speeds of sound of the binary mixtures, the excess isentropic compressibilities (k s E ) are calculated as:
where, k s is isentropic compressibility and is calculated using Laplace relation,
where, k s id is the ideal value of the isentropic compressibility and is calculated from the following equation [28] k id s ¼
Where 4 i , C p;i , V i , k s;i and a i are the volume fraction, molar heat capacity, molar volume, isentropic compressibility and coefficient of isobaric thermal expansion of pure components respectively. Isobaric coefficient of thermal expansion can be calculated from the following equation
Excess isentropic compressibility (k s E ) data for the mixtures of N-methylformamide with carboxylic acids is graphically depicted in Fig. 2 and suggests that for all the binary systems is negative over the entire composition range at T ¼ (303.15e318.15) K and atmospheric pressure.
The negative values of k s E indicate that the liquid mixture is less compressible than the pure liquids forming the complex and molecules in the mixture are more tightly bound than in pure liquids. This corroborates the presence of relatively stronger molecular interaction, possibly through hydrogen bonding [29, 30] between unlike molecules. This is in accordance with the view proposed by Fort and Moore [31] according to which liquids of different molecular size mix with decrease in volume yielding negative k s E values. A negative trend in k s E is also reported earlier for binary mixtures of alkanols and alkanes [32] .
The algebraic k s E values fall in the order.
Ethanoicacid < Propanoicacid < Butanoicacid:
The results shown in Fig. 2 indicate that the dipoleedipole interactions decreases from acetic acid to butanoic acid may be due to decrease in their polarities, respectively [33] . Hence above order is justified.
The negative values of k s E increase with increasing temperature, which suggests that specific interactions increase due to the enhanced thermal energy. Comelli et al. [34] have also reported similar behavior for k s E . From the experimental viscosity data (h) of the binary mixtures, the deviation in viscosity (Dh) is calculated as:
where h and h i are viscosities of the mixture and the pure compounds respectively The sign and magnitude of Dh depend on the combined effect of the factors such as molecular size, shape and intermolecular forces. The data presented in Fig. 3 reveal that deviation in viscosity is positive for all the binary systems over the entire composition range, which suggests the presence of strong intermolecular interaction. This further supports the molecular association through Hydrogen bonding between unlike molecules as suggested earlier by other workers [35, 36] . The positive values of deviation in viscosity increase with the increase in temperature in all these systems.
Excess Gibbs energy of activation of viscous flow (G*E) for the mixtures of N-methylformamide with carboxylic acids are calculated by the following relations:
where v and h are the molar volume and dynamic viscosity of the mixtures respectively andx i ,V i and h i are the mole fraction, molar volume and dynamic viscosity of the pure components respectively. R is the gas constant and T the absolute temperature. The excess Gibbs energy of activation of viscous flow for all the binary systems is presented in Fig. 4 . The values of the G *E are positive for all the binary systems suggests that the presence of a specific interaction such as the formation of heteroassociated molecules between unlike molecules.
The variation of V E , k s E and Dh with mole fraction was fitted to the Redlich e Kister polynomial equation [37] .
where Y E is the V E or k s E or Dh. The values of a 0, a 1 and a 2 are the coefficients of the polynomial equation and the corresponding standard deviations (s) obtained by the method of least -squares with equal weights assigned to each point are calculated. The standard deviations (s) are calculated as:
where n is the total number of experimental points and m is the number of coefficients. The values of a 0, a 1 and a 2 which are the coefficients determined by multipleregression analysis on the least square method and summarized along with the standard deviations between the experimental and fitted values of V E , k s E , and Dh are presented in Table 4 .
From these experimental values of density (r) and speed of sound (u) is used to calculate the values of acoustic impedance (Z) and intermolecular free length (L f ). The values of Du, DZ, and DL f are evaluated with help of the following relation:
where Y E is Du, DZ, and DL f . An examination of data in Supplementary Table 5 suggests that Du values are positive for all binary systems over the entire composition range at 303.15, 308.15, 313.15 and 318.15 K. Speed of sound depends on intermolecular free length. Decrease in free length leads to increase in speed of sound. Positive deviation indicates that the predominant effect in the mixture is structure making property and the resulting expansion and the speed of sound through the mixture will be slow. It also suggests weak interactions between unlike molecules. An examination of data in Supplementary  Table 5 suggests that DZ values are positive for all binary systems over the entire composition range at 303. 15, 308.15, 313.15 and 318.15 K. In the present investigation, the positive deviation in acoustic impedance indicates that the hydrogen bond is formed between the unlike molecules dominates over that of the rupture of hydrogen bond between like molecules in liquid mixtures at T ¼ (303.15e318.15) K. The free length is the distance between the surfaces of the neighboring molecules. It is used to study the nature and strength of molecular interactions. The excess intermolecular free length is negative for all the binary mixtures at T ¼ (303.15e318.15) K. The negative deviation of the intermolecular free length indicates the presence of a strong intermolecular interaction between unlike molecules in mixtures is dominant over the breaking of dipolar interactions between like molecules in the mixture. Knowledge of the viscosity of pure liquids and respective mixtures and study of the viscosity calculation methods are important for practical and theoretical purposes [38, 39] . In the present work, three typical semiempirical relations are used to correlate the experimental viscosity data of the investigated binary systems.
Grunberg-Nissan proposed the following empirical equation [40] .
where d 12 may be regarded as a parameter proportional to the interchange energy and also an approximate measure of the strength of the interaction between the components. Katti and Chaudhri equation takes the form [41] .
where W vis/ RT is an interaction term. Hind et al. [42] , proposed the following equation
where H 12 is the Hind interaction parameter and is attributed to unlike pair interactions. The one-parameter equation due to Tamura and Kurata [43] gave the equation of the form
where F 1 and F 2 are the volume fractions of components 1 and 2, respectively, T 12 is Tamura and Kurata constant. Where F 1 and F 2 are the volume fractions of components 1 and 2, respectively, and T 12 is the Tamura and Kurata constant. Heric and Brewer [44] derived the following equation
where D 12 is the interaction term and other symbols have their usual meaning.
From Supplementary Table 6 , the interaction parameter d 12 is positive for binary systems. Fort and Moore [45] reported that for any binary liquid mixture, a positive value of d 12 indicates the presence of specific interactions and a negative value of d 12 indicates the presence of weak interactions between the unlike molecules. The values of d 12 are positive for all binary systems indicating the presence of specific interaction between the two components of the binary mixtures. The positive values of d 12 increase with increasing temperature in all the binary systems, showing that the interactions between the components increase with increase in temperature. Interaction parameter W vis =RT shows almost the same trend as that of d 12 .
In fact, one could say that the parameters d 12 and W vis =RT exhibit almost similar behavior, which is not unlikely in view of logarithmic nature of both equations. The values of interaction parameters Tamara and Kurata (T 12 ) and Hind et al. (H 12 ) do not differ appreciably from each other. This is in agreement with the view put forward by Fort and Moore [45] in regard to the nature of parameters T 12 and H 12 .
Conclusion
This paper reports experimental data of densities, speeds of sound and viscosities of N-methylformamide with carboxylic acids over the entire range of mole fraction at 303.15 K, 308.15 K, 313.15 K, and 318.15 K with 5 K interval. The values of the pure components generally agree with the available literature data. The experimental values were used to compute the excess molar volume, excess isentropic compressibility, deviation in viscosity and excess Gibbs energy of activation of viscous flow at T ¼ (303.15e318.15) K. The excess molar volume, excess isentropic compressibility and deviation in viscosity were fitted with Redlich e Kister polynomial equation. The negative values of V E and k s E related to the packing effect and strong hydrogen bonding between unlike molecules in binary liquid mixtures. The positive values of deviation in viscosity and excess Gibbs energy of activation of viscous flow was obtained for all studied mixtures that indicated the strong interaction between unlike molecules.
Appendix A. Supplementary data
Supplementary data related to this article can be found at http://dx.doi.org/10.1016/j.kijoms.2015.12.001.
